Post-translational modifications account for much of the biological diversity generated at the proteome level. Of these, glycosylation is the most prevalent. Long thought to be unique to Eukarya, it is now clear that both Bacteria and Archaea are also capable of N-glycosylation, namely the covalent linkage of oligosaccharides to select target asparagine residues. However, while the eukaryal and bacterial Nglycosylation pathways are relatively well defined, little is known of the parallel process in Archaea. Of late, however, major advances have been made in describing the process of archaeal N-glycosylation. Such efforts have shown, as is often the case in archaeal biology, that protein N-glycosylation in Archaea combines particular aspects of the eukaryal and bacterial pathways along with traits unique to this life form. For instance, while the oligosaccharides of archaeal glycoproteins include nucleotideactivated sugars formed by bacterial pathways, the lipid carrier on which such oligosaccharides are assembled is the same as used in eukaryal Nglycosylation. By contrast, transfer of assembled oligosaccharides to their protein targets shows Archaea-specific properties. Finally, addressing N-glycosylation from an archaeal perspective is providing new general insight into this event, as exemplified by the solution of the first crystal structure of an oligosaccharide transferase from an archaeal source.
Since being first described some 30 years ago, Archaea have served to shatter many biological dogmas. One such case in point is protein N-glycosylation. With the discovery that the surface (S)-layer glycoprotein of the halophilic archaeon Halobacterium salinarum includes glycan moieties covalently linked to select asparagine residues (Mescher and Strominger, 1976) , the long-held view of N-glycosylation as a uniquely eukaryal trait was dispelled. Although Bacteria, such as Campylobacter jejuni, have since also been shown to possess N-glycosylated proteins (cf. Szymanski and Wren, 2005) , this posttranslational modification is far more prevalent in Archaea, where a wider diversity in linking sugars and glycan composition is seen than in either other domain of life (cf. Eichler and Adams, 2005) . Still, despite the seemingly wide distribution of sugar-based protein modification in Archaea, very little was known until recently of the process responsible (for an earlier review of archaeal protein glycosylation, see Lechner and Wieland, 1989) . Within the last few years, however, the efforts of several groups have served to elucidate different aspects of N-glycosylation in Archaea, such that a detailed picture of the archaeal version of this post-translational modification is now emerging.
N-glycosylation in Eukarya and Bacteriavariations on a theme
Across evolution, protein N-glycosylation is a well-ordered process implicating an array of enzymes involved in sugar biosynthesis, oligomerization, translocation, transfer and remodelling (Table 1) . Thus, to appreciate where current understanding of archaeal N-linked glycosylation stands, a brief review of the parallel process in Eukarya and Bacteria is required. In yeast and higher Eukarya, where N-glycosylation has been best described, the asparaginelinked glycosylation (ALG) genes encode specific glycosyltransferases that act to sequentially assemble soluble nucleotide-activated sugars into a heptasaccharide on a membrane-embedded dolichyl pyrophosphate carrier at the cytosolic face of the endoplasmic reticulum (ER) membrane (Helenius and Aebi, 2004; Weerapana and Imperiali, 2006) . Once assembled, the heptasaccharide is translocated across the ER membrane in a process reportedly mediated in yeast by Rft1, previously described as an ATP-independent bi-directional 'flippase' (Helenius et al., 2002) . Upon arrival at the lumenal side of the ER membrane, the heptasaccharide is modified by additional sugar subunits, derived from individual dolichyl phosphate carriers charged with soluble nucleotide-activated monosaccharides on the cytoplasmic face of the ER membrane and reoriented to face the ER lumen, eventually yielding a 14-member, branched glycan tree. This oligosaccharide is then transferred to selected Asn residues of N-X-S/T (where X is not Pro) sequon motifs of a nascent target protein translocating into the ER, via the actions of the oligosaccharide transferase complex. The protein-bound oligosaccharide then experiences further modification in the form of glycan trimming or the addition of saccharides or other chemical groups in the ER and Golgi apparatus.
Studies on C. jejuni have confirmed the existence of a bacterial N-glycosylation system. Such efforts have revealed that while the bacterial process shares many features with its eukaryal counterpart, significant differences exist (cf. Szymanski and Wren, 2005; Weerapana and Imperiali, 2006) . In C. jejuni, the products of genes found within the protein glycosylation (pgl ) locus catalyse the sequential addition of nucleotide-activated monosaccharides to a cytoplasm-facing, plasma membraneembedded undecaprenyl pyrophosphate lipid carrier, rather than the dolichyl pyrophosphate used by Eukarya (Linton et al., 2005) . While the first sugar subunit added to the lipid carrier in Eukarya is almost invariably N-acetylglucosamine (GlcNAc), the C. jejuni pathway uses di-N-acetyl bacillosamine (2,4-diacetamido-2,4,6-trideoxyglucose) as the linking saccharide (Young et al., 2002) . Once an additional six sugar subunits have been added, the assembled heptasaccharide, along with its lipid carrier, is 'flipped' across the plasma membrane by the bacterial flippase, PglK (Alaimo et al., 2006) . Unlike eukaryal Rft1, PglK is an ATP-dependent ABC transporter homologue. Once translocated across the membrane, the glycan is transferred to target protein Asn residues within D/E-Z-N-X-S/T motifs, where Z and X are not prolines (Kowarik et al., 2006) , in a reaction catalysed by the oligosaccharide transferase, PglB (Wacker et al., 2002; Glover et al., 2005) . PglB acts alone and not as part of a larger oligosaccharide transferase complex, as in Eukarya (see below). Finally, it appears that in contrast to what occurs in Eukarya, additional processing of the bacterial N-linked glycan does not occur after its attachment to the target protein.
Archaeal N-glycosylation -bringing the pieces together
Given the fundamental similarities between the N-glycosylation systems of Eukarya and Bacteria, researchers investigating the parallel archaeal pathway assume that, here too, a glycan moiety is assembled onto a lipid carrier located at the intracellular face of the cytoplasmic membrane that, once constructed, is delivered across the membrane, where subsequent transfer to a target protein transpires. However, when any given biological pathway is considered from the archaeal perspective, unexpected twists and turns appear and, indeed, what we know of the archaeal N-glycosylation pathway thus far has not been disappointing in this regard.
In both the eukaryal and bacterial N-glycosylation processes, lipid-linked glycan entities are assembled from nucleotide-activated monoaccharides. Enzymes involved in the synthesis of such entities in several archaeal species have been examined. Biochemical analysis of the enzyme responsible for synthesizing UDP-glucose, i.e. UDP-a-Dglucose pyrophosphorylase, from the thermophile Pyrococcocus furiosus revealed that the archaeal enzyme accepts a broader range of substrates than any of its eukaryal or bacterial counterparts studied to date (Mizanur et al., 2004) . More recently, several archaeal enzymes involved in the biosynthesis of UDP-linked hexosamines were identified and functionally characterized (Namboori and Graham, 2008) . Methanococcus maripaludis MMP1680 and MMP1077, respective homologues of bacterial GlmS (glucosamine-fructose-6-phosphate ami- 
Trimming in ER; elaboration in Golgi None Unknown notransferase) and GlmM (phosphoglucosamine mutase), were shown to participate in the formation of the GlcNAc precursor, a-D-glucosamine-1-phosphate, while the bifunctional Methanocaldococcus jannaschii MJ1101 protein (a homologue of the UDP-GlcNAc pyrophosphorylase, GlmU) was shown to be responsible for the acetylation of glucosamine-1-phosphate as well as the transfer reaction leading to the formation of UDP-GlcNAc. M. maripaludis MMP0705 and MMP0706, homologues of Escherichia coli WecB (UDP-GlcNAc 2-epimerase) and WecC (UDP-N-acetyl-D-mannosamine (ManNAc) dehydrogenase), respectively, were found to catalyse the conversion of UDP-GlcNAc to UDP-ManNAc. Thus, these findings point to Archaea relying on a bacterial-like pathway for the biosynthesis of UDP-GlcNAc and UDP-ManNAc, both verified components of archaeal glycoprotein glycans (Voisin et al., 2005) . Moreover, at least one of these enzymes, i.e. M. maripaludis MMP1077, is the product of a gene located within a cluster that also includes three genes encoding glycosyltransferases involved in M. maripaludis glycoprotein glycan assembly (D.J. VanDyke and K.F. Jarrell, unpublished). Although Archaea, such as the methanogens and Thermococcales, follow the bacterial rather than the eukaryal pathway for the biosynthesis of activated hexosamines, glycan moieties derived from such monosaccharides are assembled on dolichyl phosphate carriers, as employed in eukaryal N-glycosylation, and not on the undecaprenyl pyrophosphate used in the parallel bacterial event (Lechner et al., 1985) . Accordingly, glycan-charged dolichyl mono-and pyrophosphate species have been isolated from halophilic Archaea (Lechner et al., 1985; Kuntz et al., 1997) .
Of late, major strides in delineating the steps of the archaeal N-glycosylation pathway have been made with the identification of the archaeal glycosylation (agl ) genes, encoding enzymes involved in the assembly of archaeal N-linked glycans in Methanococcus voltae and Haloferax volcanii (Fig. 1) . The N-linked trisaccharide decorating flagellins and the S-layer glycoprotein of M. voltae (Voisin et al., 2005) is created by the actions of AglH, AglC and AglA. M. voltae aglH, thought to encode the glycosyltransferase delivering the first sugar (GlcNAc) to the phosphorylated dolichol carrier, was shown to complement a conditionally lethal alg7 mutation in yeast (Shams-Eldin et al., 2008) , where the Alg7 protein is known to perform the same reaction. AglC and AglA, in turn, catalyse the addition of the second (2,3-diacetamido-2,3-dideoxy-b-glucuronic acid) and terminal (a modified mannuronic acid containing a covalently attached threonine residue) sugars to the M. voltae trisaccharide, with inactivation of either gene adversely affecting flagellar assembly and function (Chaban et al., 2006; Chaban et al. unpublished ). In the halophilic archaeon H. volcanii, at least two of the seven putative N-glycosylation sites of the S-layer glycoprotein are modified by a pentasaccharide comprising two hexoses, two hexuronic acids and an additional 190 Da saccharide . Gene deletion and mass spectrometry have shown AglD, a homologue of eukaryal Alg5, to contribute to the addition of the final hexose of the pentasaccharide, AlgE, a homologue of eukaryal Dpm1, to be involved in adding the 190 Da saccharide at the fourth position of the glycan, and AglF, AglG and AglI participating in adding the hexuronic acids found at positions two and three of the pentasaccharide (Abu-Qarn and Eichler, 2006; Abu-Qarn Eichler, unpublished) . The observation that homologues of the N-glycosylation genes described above are found in other Archaea, including aglD , suggests that the encoded proteins may also mediate N-glycosylation elsewhere.
Once assembled, lipid-linked glycans are reoriented to face the ER lumen or the cell exterior/periplasm in the case of eukaryal or bacterial N-glycosylation, respectively. While candidates for this activity have been proposed in each of these two domains, nothing is presently known of the transporter responsible for translocating lipidlinked oligosaccharides across the plasma membrane in Archaea. Indeed, searches of completed archaeal genomes (Abu-Qarn and Eichler, 2006) , as well as targeted deletions of likely candidates (Chaban et al., 2006) , have failed to reveal the archaeal 'flippase' enzyme. The archaeal enzyme might thus be unique to this form of life, possibly reflecting the unique composition of the archaeal membrane.
The archaeal oligosaccharide transferase
The central step in N-glycosylation is the en bloc transfer of an assembled glycan from its lipid carrier onto Asn residues of a nascent polypeptide chain found as part of the N-X-S/T consensus sequence, where X represents any amino acid except proline. Such sequon modification is the role of the oligosaccharide transferase (OST). In Saccharomyces cerevisiae and higher Eukarya, the OST is a multi-subunit complex, with the catalytic STT3 subunit lying at the core (Yan and Lennarz, 2002) . By contrast, the OST of C. jejuni comprises a single polypeptide, namely the STT3 homologue, PglB (Wacker et al., 2002; Glover et al., 2005) . Studies in M. voltae and H. volcanii point to the archaeal STT3 homologue, AglB, also acting alone in mediating oligosaccharide transferase activity, as deletion of the encoding gene resulted in a loss of N-linked glycans from reporter glycoproteins (Chaban et al., 2006; . Indeed, homology-based searches failed to detect homologues of other eukaryal OST complex subunits in Archaea. More recently, a novel in vitro assay tracing the glycan-based modification of sequon-containing peptides also confirmed purified Pyrococcus furiosus AglB as possessing oligosaccharide transferase activity in this species (Kohda et al., 2007) .
Whereas the bacterial and archaeal OSTs seemingly each comprise single subunits, they seem to differ in terms of their specificities. For example, the expanded D/E-Z-N-X-S/T sequon motif, where Z and X are not prolines, is required for C. jejuni N-glycosylation (Kowarik et al., 2006) . In contrast, analysis of experimentally verified archaeal glycoproteins has revealed that, as in Eukarya, the N-X-S/T sequon is sufficient for modification (Abu-Qarn and Eichler, 2007) . The bacterial and archaeal OSTs can also be distinguished by the fact that the latter (AglB) are apparently better at transferring partially completed glycan chains to target proteins (Chaban et al., 2006; than C. jejuni PglB . Analysis of N-glycosylation of the H. salinarum S-layer glycoprotein, however, offers a strong reminder that much remains to be learned about the archaeal oligosaccharide transferase. The N-glycan profile of the H. salinarum S-layer glycoprotein reveals the presence of two different oligosaccharides, each linked to selected Asn residues through either glucose or GlcNAc subunits (Wieland et al., 1983; Paul et al., 1986) . Modification of only the single N-glycosylation site to which GlcNAc is linked, namely Asn-2, involves a dolichyl pyrophosphate sugar carrier; all other Asn sugar modifications, involving glucose as the linking sugar, rely on a dolichyl monophosphate carrier (Lechner et al., 1985) . Asn-2 is further unique in that Ser-4, found as part of a NAS sequon, can be replaced by Asn, Leu or Val without compromising modification of the sequon (Zeitler et al., 1998) . As such, H. salinarum N-glycosylation apparently relies upon an oligosaccharide transferase that tolerates a range of sugar substrates, lipid carriers and sequon composition. While it is conceivable that H. salinarum contains two oligosaccharide transferases with distinct specificities, BLAST-based genome searches have failed to detect a gene for a second Stt3/ AglB protein in this species (Abu-Qarn and Eichler, 2006) . As such, the seemingly indiscriminate behaviour of the oligosaccharide transferase in this species remains unexplained.
Further analysis of the archaeal OST might provide novel insight into the workings of this enzyme across evolution, as evidenced by the recent solution of the three-dimensional structure of the C-terminal soluble domain of P. furiosus Stt3/AglB, which provided the first structural insight into oligosaccharide transferase activity (Igura et al., 2008) . In the crystal structure, the conserved WWDXG motif, previously implicated in catalysis by site-directed mutagenesis (Wacker et al., 2002; Yan and Lennarz, 2002) , is located 60 residues upstream of a DXXK motif. Based on structural considerations and sitedirected mutagenesis, both the WWDXG and DXXK motifs were proposed to comprise the active site of the oligosaccharide transferase, with the latter motif thought to interact with the pyrophosphate domain of the glycancharged dolichyl pyrophosphate carrier in Eukarya and Archaea or the undecaprenyl pyrophosphate carrier in Bacteria (Igura et al., 2008) . Accordingly, like eukaryal STT3 proteins and C. jejuni PglB, sequence analysis of archaeal AglB proteins shows that most contain the DXXK motif, including M. voltae AglB, one of the three archaeal Stt3 homologues for which biochemical evidence of oligosaccharide transferase activity exists (Chaban et al., 2006) . On the other hand, examination of available halophilic archaeal AglB sequences reveals that several species present a modified version of this motif, including H. volcanii AglB, also experimentally verified as the oligosaccharide transferase in this species . Here, DWQMASTDAK is found instead of the DXXK motif, raising the question of whether the disruption of the widely conserved DXXK motif correlates with the use of dolichyl mono-rather than pyrophosphate as the oligosaccharide-charged lipid carrier in this species.
Archaeal N-glycosylation -an adaptation to extremes?
With the observation that mutants of both M. voltae and H. volcanii lacking aglB, and hence presumably unable to carry out protein N-glycosylation, are viable, it seems that this post-translational modification is not essential for archaeal cell survival (Chaban et al., 2006; . Nonetheless, N-glycosylation appears to be important in Archaea, possibly representing an adaptation to the extreme environments these microorganisms can inhabit. In H. volcanii, absent or defective N-glycosylation of the S-layer glycoprotein greatly reduced the ability to grow at elevated salt concentrations. Moreover, defective N-glycosylation resulted in an unstructured S-layer, while the absence of N-glycosylation compromised S-layer stability . Absent or partial N-glycosylation of M. voltae flagellins resulted in a lack or reduction in the number of flagella, with accompanying defects in motility (Chaban et al., 2006) .
Future directions
Despite recent advances in deciphering the pathway of archaeal N-glycosylation, many questions remain unanswered. In addition to identifying components responsible for oligosaccharide translocation across the plasma membrane, the membrane topology of the process needs to be defined. Furthermore, it is still unclear whether archaeal N-glycosylation relies solely on soluble activated sugars or whether dolichol-linked sugars, such as those recruited to the growing lipid-linked oligosaccharide in the ER lumen, are also employed in Archaea. Indeed, H. volcanii AglD and AglE were first identified based on their respective homologies to eukaryal Alg5 and Dpm1 (Abu-Qarn and Eichler, 2006) , both of which are phosphodolichyl glycosyl synthases. Furthermore, precursors and enzymes involved in N-linked glycosylation might also be utilized in other pathways, such as in cofactor B (Namboori and Graham, 2008) or glycolipid (G.D. Sprott and K. Jarrell, unpublished) biosynthesis in methanogens. Future efforts will also have to address the pathway responsible for the glycosylation of Ser and Thr, i.e. O-glycosylation, in Archaea. For example, while O-glycosylation of the H. volcanii S-layer glycoprotein (Sumper et al., 1990 ) is thought to be responsible for creating a pseudo-periplasmic space in this organism (Kessel et al., 1988) , nothing is known of the process involved. Finally, given that N-glycosylation might be related to the remarkable ability of Archaea to survive extreme environments, further understanding of this protein-processing event could lead to the synthesis of glycoproteins tailored to function optimally across a wide range of physically challenging conditions.
